In our previous work [1] , we have shown a curvaton model where the curvaton has a nonminimal derivative coupling to gravity. Such a coupling could bring us scale-invariance of the perturbations for wide range constant values of the equation-of-state of the cosmic background at the early time. In this paper, we continue our study by fully analyzing its perturbations up to the third order. Apart from the usual 2-point correlation function that has already been calculated in [1], we have also taken into account the 3-point correlation functions including pure scalar part, pure tensor part, as well as the cross-correlations between scalar and tensor perturbation modes. We find that for pure scalar part, the 3-point correlation functions can generate non-Gaussianities that fits the PLANCK data very well. For pure tensor and mixed parts, the shape functions have peaks at squeezed and equilateral limits respectively, responsible for sizable f sqz NL and f eql NL , which could be tested by the future observatioanl data.
I. INTRODUCTION
Curvaton has been widely discussed in the literature as an alternative of inflaton to generate primordial perturbations in the early universe [2] [3] [4] [5] [6] . During inflation period, with the addition of the so-called "curvaton field" which can generate the most of the primordial perturbations needed in the early times, constraints on the background evolution of the universe can be widely released, and it is easier to have viable models which can fit the data. At the end of inflation, the (isocurvature) perturbations generated by curvaton can be transferred into adiabatic ones [2] , which is required by the observations. For extended study of curvaton models, see [7] [8] [9] [10] [11] [12] [13] [14] .
Recently, we studied a new curvaton model with its kinetic term coupled nonminimally to the Einstein tensor, G µν . This kind of coupling can be viewed as a subgroup of Horndeski theory [15] , or the most general scalar-tensor theory [16] , which is regarded as a ghostfree theory even when null energy condition is violated. Moreover, due to such kind of coupling, we show that the scale-dependence of the scalar perturbations can be independent of the background evolution, and is scaleinvariant, provided only that the background equationof-state is nearly a constant. That means, the scaleinvariant power spectrum can be obtained in this model, even if the background is not inflation at all. We also take into account the tensor perturbation. although it can bring some constraints on the value of EoS, still a large range of value is allowed. Furthermore, we also discussed the transfer from curvaton perturbations into * Electronic address: fengkaixi10@mails.gucas.ac.cn † Electronic address: qiutt@mail.ccnu.edu.cn curvature perturbations , as well as local non-Gaussianity generated in this model.
In early 2013, the PLANCK satellite released its first observational result about cosmology, and one highlight point is the accurate but small non-Gaussianity of the early universe [17] . The PLANCK data shows that the estimator of the equilateral non-Gaussianity is within −42 ± 75 (1σ), while that of squeezed ones is within 2.7±5. 8 (1σ) . It is quite an attracting result, which could rule out many early universe models. Although we have shown that the local non-Gaussianity generated in our model is consistent with the data, full non-Gaussianity analysis including the equilateral ones are still not taken. As a completion of the study of this model, in this paper we will study the other shapes of its non-Gaussianities to see if this model can pass the newest observational data. This paper is organized as follows: in Sec. II we briefly review the background evolution of our model, and in Sec. III we analyze its perturbations. After given the basic perturbation equations, in the second and third subsections we show the results of perturbation at the second order. From subsection D to subsection G, we calculated the third order perturbations of pure tensor part, pure scalar part, one tensor plus two scalar part and one scalar plus two tenors part, respectively. In each part, we plot the shape function of the correlation functions, and especially for pure scalar part, we give the formulation of the non-Gaussianity estimator f N L in its equilateral limit in order to compare with the observational constraints by PLANCK data. The last section is our conclusion.
II. THE MODEL: BACKGROUND EQUATIONS
The action of nonminimal derivative coupling curvaton is considered as [1] 
where G µν is the Einstein tensor: G µν ≡ R µν − g µν R/2, and ξ is an arbitrary coefficient. The nonminimal derivative coupling field was first proposed in [24] and has been analyzed in various aspects of cosmology and gravity theories [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . In [16] , Deffayet et, al. showed that field with nonminimal derivative coupling can be included into the generalized Galileon theory which is inspired from the Horndeski theory [15] , and it can have the appealing property that there will be no ghost modes. Another curvaton model made of Galileon is given in [44] , where the full scalar perturbations has been calculated.
It is straightforward to write down the equation of motion for the curvaton field ϕ, such as 6ξ
and its energy density and pressure can be expressed as
respectively. The background evolution of the curvaton field with various types of potential has been classified and briefly analyzed in [1] . Moreover, we can define the following parameters:
for later convenience. For inflationary background, |η|, |ǫ|, |ǫ φ | are much smaller than unity. Notice also thaṫ y = 2ξφφ/M 2 = 2Hyη.
III. THE MODEL: PERTURBATION ANALYSIS
A. basic equations
In this subsection, we give the basic formulations of perturbation of our model up to 3rd order which will be used in the following subsections. First of all,the perturbed metric can be written as:
where N is the lapse function, N i is the shift vector, and h ij is the induced 3-metric. One can then perturb these functions as:
where α, β and ψ are the scalar metric perturbations, and
In the following, we will take the spatial-flat gauge ψ = 0 for convenience, and neglect the perturbation of the background field φ.
Using these perturbation elements, we could then expand the curvaton action (1) order by order: S = S 0 + S ss + S tt + S sss + S ttt + S stt + S sst + ... , (9) where the subscript "0" denotes background, "ss" and "tt" means scalar and tensor parts for 2nd order perturbation, and "sss", "ttt", "stt" and "sst" are the pure scalar part, pure tensor part, two scalar coupled with one tensor part, and one scalar coupled with two scalar part of 3rd order perturbations, respectively. As is well known that at the 2nd order, the scalar and tensor modes decouples with each other, while from the 3rd order, they are coupled together and we should also take into account their cross correlation function. Perturbations equal to (or higher than) 4th order are regarded as negligible corrections and will not be considered in this context.
The n-point correlation functions of any perturbative quantity (in its momentum space) δ(k, t) is defined as:
where δ(k, t) can either be the scalar purturbation δϕ k (k, t) or tensor perturbation γ (k) ij (k, t). Specifically, the two-point correlation functions is
where k 1 = |k 1 |, and the three-point correlation functions is
where H
int is the Hamiltonian extracted from the 3rd order perturbed action of (9) .
We observe these correlation functions by their spectra. The spectrum for two point correlation function (power spectrum) is defined as:
For power spectrum, it is important to know its amplitude A s , as well as its spectral index n s which describes dependence with the wavenumber of the perturbation modes, k, since they can directly be connected with observational data. Recent PLANCK 2013 data gives the constraint of A s = (2.23 ± 0.16) × 10 −9 , n s = 0.9603 ± 0.0073 (1σ). While the spectrum for three correlation function (bispectrum) is defined as:
For bispectrum, we take care of the shape of the correlation function as functions of wavenumbers of each point, A(k 1 , k 2 , k 3 ), which is defined via bispectrum as:
Moreover, one can also define the estimator,
which can be constrained directly by the observational data. The PLANCK data have imposed stringent constraints on both equilateral and squeezed limits of f N L , namely f eql N L = −42 ± 75 and f sqz N L = 2.7 ± 5.8 (1σ). These results can be well used to constraint models that give rise to primordial non-Gaussianities.
The spectrum for four point correlation function is called trispectrum, and so on and so forth. The trispectrum is described by its shape as well as the estimator g nl and τ nl . Up till now, the constraints on trispectum is still very poor, only having an upper bound of τ nl < 2800 (2σ).
B. Two-point correlation function: scalar part
In this subsection, we focus on the scalar perturbation up to 2nd order in this model, which is basically obtained from S ss in (9) . First of all, we notice that N and N i in (6) are only constraint quantities and have no dynamics, we can make use of techniques in [45] to express them using field variables:
One can solve the equation of motion for γ ij from the action (35) to get the tensor spectrum. Define z T ≡ a √ Q T /c T and according to the action (35) , one can have the equation of motion for γ ij as:
Similar as the scalar perturbation, the tensor perturbation can also be transformed into momentum space via Fourier transformation, which is:
where α T (k, λ) and α † T (k, λ) are producing and annihilating operators, satisfying the commutation relation
and e ij is the polarization tensor with relations:
and λ = ±2. Solving Eq. (37), one has:
for sub-horizon region and
for super-horizon region. The power spectrum for tensor perturbation thus can be obtained as:
where k 0 denotes some pivot wavenumber. The spectral index
for contracting phase and
for expanding phase. One can expect future PLANCK or BICEP data to put further constraints on the n T .
D. Three-point correlation function: pure scalar part
In the following, we will discuss about 3-point correlation functions of our model, namely non-Gaussianities. Since for more than second order, the tensor perturbations couples to the scalar ones, the correlation functions contain not only pure scalar and tensor parts, but also have mixed parts between scalar and tensor modes. As a full investigation, we will analyze all these cases in the following subsection. First of all, we focus on the nonGaussianities of pure scalar part, δϕδϕδϕ . Following (6, 7, 8) , one can get the 3rd-order perturbative action for the scalar part as:
where we define ∂ 2 ψ ≡δ ϕ, ∂ 2 Ψ ≡ δϕ, and
The 3-point cross correlations are defined as:
where for third order we have H
sss . Here we choose t i to be infinite past, which corresponds to the Bunch-Davies vacuum, and t f to be some cutoff time scale, t c In inflationary scenario, t c should be reheating time, while for bounce scenario, t c corresponds to bouncing point. One can also use its conformal correspondence, namely η c . In inflationary scenario it goes to 0 and in bouncing scenario it is η B . It is a very small number, when η c → 0, cos(Kη c ) → 1, sin(Kη c )/(Kη c ) → 1. We keep η c to avoid IR divergence in some of the following terms, which will be seen later. Because η c is small, we neglect higher order terms of η c . The shape function is related to correlation function via the relation:
where we have used (14) , (15) and the power spectrum result (32) .
Since there are two many terms in this part, we would like to classify these terms in terms of numbers of time derivatives, namely:
parts of 3 time-derivatives
This part only contains one term:
Substitute it into (48) one can get the cross correlations of this part:
where we define
Comparing with (49) one gets the shape function of this part:
In Fig. 1 we plot the shape function A 3d in which the wavenumbers are normalized with k 1 = 1. We can see that, there is a peak in the region where x = y → 1, namely k 1 ≈ k 2 ≈ k 3 , which corresponds to an equilateral limit.
FIG. 1:
The shape of the pure scalar part of the bispectrum which contains 3 time-derivatives in each term. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit.
parts of 2 time-derivatives
This part contains six terms, namely A 6 , A 7 , A 8 , A 9 , A 10 , A 11 . Subsitute the Hamiltonian (which is the opposite of the Lagrangian) of these terms H (3,2d) int into (48) one can get the cross correlations of this part:
cos(Kη c ) + 5 perms.,
and comparing with (49) one gets the shape function of this part:
In the following we plot the shape functions of the bispectra given in the above results. Although there are totally six parts of bispectrum, there are less kinds of shapes since some parts actually give quite the similar shapes. Therefore in the following, we will only plot representative ones which are distinctive from each other, while contributions with the same shape will be addressed in their captions. The same way applies for other cases.
From the plots we can see that, the A 6 part gives rise to shape function which peaks on its squeezed limit, while shapes of A 7 , A 8 , A 9 and A 11 peaks on their equilateral limit. Moreover, the A 10 generates peaks on both enfolded and equilateral limit, showing an orthogonal feature.
FIG. 2:
The shape of the bispectrum of contribution A6. The shape peaks in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit. Hamiltonian FIG. 3: The shape of the bispectrum of contribution A7. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit. The same shape are also given by contributions A8, A9 and A11.
parts of 1 time-derivative

FIG. 4:
The shape of the bispectrum of contribution A10. The shape peaks both in the region where x = y → 1, corresponding to an equilateral limit, and in the region where x + y = 1, corresponding to a folding limit.
of these terms H (3,1d) int into (48) one can get the cross correlations of this part:
From the plots we can see that the A 12 , A 16 and A 19 parts have shape functions which peak on their squeezed limits, and the A 13 , A 14 and A 17 parts have shape functions which peak on their equilateral limits. The A 15 and A 18 parts have different types of orthogonal shapes, which peaks on folded + equilateral and folded + squeezed limits, respectively. Moreover, since A 16 will be divergent in the limit where η c → 0, it is useful to set a cutoff scale for A 16 , where we choose Kη c = −0.001. However, different choices of cutoff will hardly change our results.
FIG. 5:
The shape of the bispectrum of contribution A12. The shape peaks in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit. The same shape are also given by contributions A16 and A19, where in A16 we choose the cut-off to be Kηc = −0.001.
FIG. 6:
The shape of the bispectrum of contribution A13. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit. The same shape are also given by contributions A14 and A17.
parts of 0 time-derivative
This part contains the last four terms, A 2 , A 3 , A 4 , A 5 . Subsitute the Hamiltonian of these terms H (3,0d) int
FIG. 7:
The shape of the bispectrum of contribution A15. The shape peaks both in the region where x = y → 1, corresponding to an equilateral limit, and in the region where x + y = 1, corresponding to a folding limit.
FIG. 8:
The shape of the bispectrum of contribution A18. The shape peaks both in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit, and in the region where x + y = 1, corresponding to a folding limit.
into (48) one can get the cross correlations of this part:
K 2 cos(Kη c ) 2k
From the plots we can see that the A 2 and A 3 part have shape functions which peak on its squeezed limit, the A 4 part has shape function which peaks on its equilateral limit, while the A 5 part has orthogonal shape function, which peaks both on its folded and squeezed limit.
FIG. 9:
The shape of the bispectrum of contribution A2. The shape peaks in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit. The same shape are also given by contributions A3.
The observables of Non-Gaussianity: fNL
After long derivations of the non-Gaussianities of scalar perturbation, let us now focus on the constraints on non-Gaussianities by observations, which is the most important and one of our main goals. People often use an estimator, f N L , which is defined in Eq. (16), to constraint non-Gaussianities. Although the general definition of f N L seems to be function of 3 k i 's, there are three types of f N L of peculiar importance, which are:
The shape of the bispectrum of contribution A4. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit.
FIG. 11:
The shape of the bispectrum of contribution A5. The shape peaks both in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit, and in the region where x + y = 1, corresponding to a folding limit. and the PLANCK data gives the very stringent constraints on equilateral and squeezed types of f N L as is shown before.
f N L relates to the shape functions A(k 1 , k 2 , k 3 ) as is given in Eq. (16). In the above sections we have derived the shape functions A (3d) , A (2d) , A (1d) and A (0d) in Eqs. (51), (53), (55) and (57), respectively. However, these are only shape functions of dimentionful 3-point correlation functions, δϕδϕδϕ while what we observed is that of dimensionless curvature perturbation, ζ. Since according to δN formalism we roughly have ζ ≈ (H/φ)δϕ during inflation, one has B ζζζ ≈ (H/φ) 3 B and P ζ ≈ (H/φ) 2 P δϕ . From Eq. (15), the shape of ζζζ is:
Taking A ζζζ back into Eq. (16) and taking
where making use of Eq. (25) for Q s and c 2 s , taking the cut-off of Kη c = −0.001 and neglecting the potential term V ,ϕ can make the formula greatly reduced. Moreover, for inflationary evolution where the slow-roll parameter ǫ φ is small, one can consider only the leading order of ǫ φ , so the result will be:
Moreover, as has been discussed in Sec. IIIB (see also earlier discussion in [1] ), according to the instability requirement, our model can only allow for |y| ≪ M 
Furthermore, one can take different limits of k i 's to get different types of f N L , for instance, the squeezed and folded ones. Since the squeezed f N L is similar to the local type ones that has been obtained in [1] , we will not bother to recalculate it again in our present paper.
E. Three-point correlation function: pure tensor part
In this section, we calculate the non-Gaussianity of pure tensor part. The 3-rd order action of pure tensor part reads
where Q T has been given in (36) . The pure tensor part of non-Gaussianity is given in Eq. (12) where for pure tensor part one can replace δ with γ ij . Since there are no kinetic term in pure tensor part, one can identify the interacting Hamiltonian in (12) with its Lagrangian with a minus sign, namely,
where
ttt . Substituting (38) and (41) into (66) and after long derivation, one gets:
where Π ij,kl (k) is defined as:
In order to compare with the usual definition of 3-point correlation function, (14), we consider the non-indexed variable,
then the non-indexed 3-point correlation functions can be obtained using (67):
Here we also used the relations (40) . From Eqs. (14) and (15), we define the shape function of the pure tensor part through the relation
which gives
Here P δϕ has been given in Eq. (32) . There are actually 2 3 = 8 shapes, according to λ i (i = 1, 2, 3) being positive or negative. However, due to the symmetry, there are actually only one independent shape. In this context, we will only plot one of the shapes for illustration, while other shapes can be related.
In Fig. 12 we plot the shape function A +++ which we choose λ 1 = λ 2 = λ 3 = +2, while the wavenumbers are normalized with k 1 = 1. We can see that, there is a peak in the region where x → 1, y → 0, namely k 1 ≈ k 2 ≫ k 3 , which corresponds to a squeezed limit. In this section, we calculate the non-Gaussianity of the mixing parts which contain 1 scalar modes and 2 tensor mode. The 3-rd order action of 1 scalar+2 tensor part FIG. 12: The shape of the pure tensor part of the bispectrum with λ1 = λ2 = λ3 = +2. The shape peaks in the region where x → 1, y → 0 and vice versa, corresponding to a squeezed limit.
and the 3-point cross correlations are defined as:
where in this case H
stt . Substituting (??) into (76) one can get:
However, note that since B 7 = −B 8 , one has I (7) +I (8) = 0, so we only need to consider I (1) ∼ I (6) . Making use of the redefinition of tensor mode (69), one has:
There are actually 2 2 = 4 shapes, according to λ i (i = 1, 2) being positive or negative. However, due to the symmetry, there are actually only one independent shape. In this context, we will only plot one of the shapes for illustration, while other shapes can be related.
In Fig. 13 we plot the shape function A ++ which we choose λ 1 = λ 2 = +2, while the wavenumbers are normalized with k 1 = 1. We can see that, there is a peak in the region where x = y → 1, namely k 1 ≈ k 2 ≈ k 3 , which corresponds to an equilateral limit.
FIG. 13:
The shape of the 1 scalar+2 tensors part of the bispectrum with λ1 = λ2 = +2. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit. For B6, we choose the cut-off to be (csk1 + cT k2 + cT k3)ηc = 0.001.
G. Three-point correlation function: 2 scalars+1 tensor
As the last part, let us move on to the case of the nonGaussianity of the mixing parts which contain 2 scalar modes and 1 tensor mode. The 3-rd order action of 2 scalar+1 tensor part reads
(83) and the 3-point cross correlations are defined as:
tss . Substituting (82) into (84) one can get:
and making use of the redefinition of tensor mode (69), one has:
There are two shapes, according to λ being positive or negative. However, due to the symmetry, there are actually only one independent shape. In this context, we will only plot one of the shapes for illustration, while other shapes can be related.
In Fig. 14 we plot the shape function A + which we choose λ = +2, while the wavenumbers are normalized with k 1 = 1. We can see that, there is a peak in the region where x = y → 1, namely k 1 ≈ k 2 ≈ k 3 , which corresponds to an equilateral limit.
FIG. 14: The shape of the 2 scalars+1 tensor part of the bispectrum with λ = +2. The shape peaks in the region where x = y → 1, corresponding to an equilateral limit.
From the analysis on non-Gaussianities of the pure tensor and mixed parts we can see that, unlike the pure scalar part, they can give rise to shape functions very concordantly peaking on squeezed and equilateral limit. This means that, the pure tensor and mixed parts of the perturbations will generate relatively large f sqz N L and f eql N L , which can be tested by future observations. If we could find sizable non-Gaussianities of f sqz N L for pure tensor and f eql N L for mixed parts in the future, it will be a good support to our model.
IV. CONCLUSION
In this paper, we study the full description of the model of curvaton with nonminimal derivative coupling to Einstein Gravity, up to 3rd order. The new kind of curvaton model was first proposed in Ref. [1] . The benefit of this model is that due to the coupling which contributes a factor of H 2 to the kinetic term, the perturbations of curvaton feel like in a nearly de-Sitter spacetime and will give rise to scale-invariant power spectrum favored by the data, independent of the details of the background evolution of the universe. Since the curvaton field couples nonminimally to gravity, despite of the pure scalar and tensor bispectra, the cross correlation of tensor (gravitational) and scalar (field) perturbations will give nontrivial contributions to the non-Gaussianities, so we perform a full calculation of all the 3-points correlation functions, and get all the possible shape functions.
However, the requirements of stabilities and gravitational waves do give certain constraints on the model. According to our previous study [1] , this model can work very well with the condition |y| ≪ M 2 p , and can act as a low scale inflation in the expanding universe. According to our Eqs. (63), the non-Gaussian estimators f N L is proportional to the ratio of |y|/M 2 p , and thus can give rise to small non-Gaussianities which is well within the strong constraint of PLANCK data. Our result shows that for modest parameter choices, f N L can be of O(0.1). This indicates that our model can be a viable model and can have very prosperous developments.
Other than f N L 's of the pure scalar part, our model can also be tested by the observations on nonGaussianities of pure tensor and mixed parts. In our model, the pure tensor and mixed parts could generate sizable f sqz N L and f eql N L , respectively. If the future surveys can observe modest signals of squeezed nonGaussianities of pure tensor perturbations, or equilateral non-Gaussianties of mixed tensor-scalar perturbations, it will be a good support of our model.
